Introduction. Sphagnum L. forms much of the ground cover in northern peatlands. Different species show affinities for bioclimatic regions in Europe (oceanic/continental; northern/ southern) and species-specific tolerance of winter conditions can be a factor explaining their distribution. Methods. We focussed on low temperature in a series of experiments and tested (1) the innate ability of a selection of Sphagnum species to tolerate low temperature in relation to their microtopographic (wetness) and geographical (climate) distribution; (2) the rate of cold tolerance acquisition; and (3) the ability of species to survive a range of low temperature once cold hardened. Key results. Our experiments showed that maximal PSII efficiency (F v /F m , chlorophyll fluorescence), growth rates and survival were all negatively affected by sub-zero temperatures. Environmental conditions associated with the onset of winter (colder nights and shorter days) triggered the acquisition of cold tolerance in Sphagnum.
Introduction
Sphagnum L. forms much of the ground cover of boreal and temperate mires (Wieder and Vitt 2006; Rydin and Jeglum 2013) . It is a keystone genus, pivotal for the continued presence of many of those ecosystems (Van Breemen 1995; Rochefort 2000; Rydin and Jeglum 2013) . Whilst local scale niche partitioning of Sphagnum species is well understood (Rydin and Jeglum 2013) , the physiological basis of their geographical distribution patterns remains less clear.
There are species distribution patterns associated with latitudinal and oceanic-continental clines within Sphagnum (Daniels and Eddy 1990; Gignac and Vitt 1990; Gignac et al. 1991; Hill and Preston 1998; Flatberg 2013) . As high spore densities are found far from source populations (Sundberg 2013) , dispersal limitation is unlikely to be the main cause. Furthermore, Kyrkjeeide et al. (2016a Kyrkjeeide et al. ( , 2016b found evidence for frequent longdistance gene flow, but also detected barriers in the form of wind direction, mountains and oceans. This matches patterns observed in other bryophyte genera where local environmental filtering of regional spore rain dictates the assemblage, rather than the species composition of local sources (Hassel and Söderström 2005; Hylander 2009 ). For a landmass without large topographical barriers it is likely that climate is most important in determining the distributions of abundant, fertile Sphagnum species. Dahl and Birks (1998) suggested that the mean temperature of the coldest month and the amount of heat received in summer govern the distribution patterns of plants in Europe. For several plant species there is evidence that low temperature is more likely to limit distribution than high temperature (Woodward 1990; Rochefort et al. 1994; Vetaas 2002; Woodward et al. 2004) .
Studies on bryophytes have focussed on responses to high temperature (Furness and Grime 1982; Gunnarsson et al. 2004; Breeuwer et al. 2009; Gerdol and Vicentini 2011; Haraguchi and Yamada 2011) , but few studies have examined the effects of low temperature on Sphagnum (Balagurova et al. 1996; Buchner and Neuner 2010; Segreto et al. 2010) . Results have been variable, both in comparison with other genera (Segreto et al. 2010) , and within the genus (Balagurova et al. 1996) . Comparative studies suggest that Sphagnum is not very cold tolerant (Segreto et al. 2010) and that the degree of cold tolerance varies between species and with the history of the plant material studied (Balagurova et al. 1996) . Such tests have been conducted at very low temperature (−80°C; Segreto et al. 2010) or have examined the responses of cells (Balagurova et al. 1996) rather than with whole plants at realistic temperatures (including a recovery period). To gain an ecological understanding, it may be of greater interest to determine the effects of freezing before winter, when the plants are still growing, than to consider the potential effects of the temperature of the coldest month of the year (Sakai and Larcher 1987; Kawamura and Uemura 2014) .
Plants survive sub-zero temperatures through mechanisms that reduce the effects of dehydration and mechanical stresses caused by extracellular ice formation (Kawamura and Uemura 2014) . Bryophytes are more tolerant of extreme temperatures in a dehydrated state (Proctor 2008) . Although many studies have examined this effect at high temperature, few have quantified it at low temperature. Lenné et al. (2010) showed that Ceratodon purpueus (Hedw.) Brid. is typically desiccated during freezing. However, by increasing the water content from 5% to 30% of plant mass, they found that heat was released (indicative of the phase change of water) at −12°C. Moffett (2015) found that many bryophytes actively promote ice formation on their surfaces, and suggest that such a trait is adaptive for water harvesting. However, intercellular ice also has the effect of dehydrating plant cells, promoting freezing point depression, and this may be the mechanism bryophytes use to survive low temperature (Dilks and Proctor 1975; Longton 1988 ). In addition, as Sphagnum species are moist and active at the onset of winter, freezing may increase the risk of photoinhibition (Lovelock et al. 1995) . Sphagnum species are therefore subject to two interacting environmental gradients; temperature and wetness. These gradients vary at both the macro-scale (>10 3 km) (Dahl and Birks 1998) and micro-scale (dm) (Clymo and Hayward 1982; Rydin 1986 ; Van der Molen and Wijmstra 1994), but there are few studies measuring near-surface winter temperature in mires (Van der Molen and Wijmstra 1994).
Our aim was to examine whether differences in simulated winter conditions (low temperature, shorter days, and low light) can explain Sphagnum distribution patterns, with the primary focus on sub-zero temperature. In order to quantify the winter environment, we measured temperature in Sphagnum microhabitats over a year and conducted a series of experiments to test low-temperature responses across several Sphagnum species typical of ombrotrophic mires.
We tested photosynthetic, growth, and survival responses, and rates of acclimation in species with different macro-(southern-northern; oceanic-continental) and micro-distributions (hummock-hollow, i.e. wet and dry habitats, respectively). We tested the following hypotheses: (1) species growing in the hollows will be more tolerant to freezing, as they often freeze when they have a higher water content than species growing toward the tops of the hummocks; (2) species of boreal and continental regions are more tolerant of low temperature than those of temperate and oceanic regions as they are more often exposed to severe freezing.
Materials and methods

Study species and localities
Nine species of Sphagnum were collected from four different mires. The sites were a Sphagnum-dominated fen in Berkshire UK, Wildmoor heath (51°21'N; 0°47'W), and three raised bogs in south-east Sweden, Ryggmossen (60°2'N; 17°19'E), Kulflyten (59°54'N, 15°50'E) and Römossen (60°0'N; 17°21'E). Species were selected to cover the mire micro-topographical gradient (hummock-hollow gradient), and to represent different biogeographic and continental-oceanic affinities (Table 1) .
Temperature variation in the field
We monitored the temperature in the upper moss layer at Ryggmossen and Kulflyten July 2014 to September 2015 (monthly mean temperature 1984-2014 at Kulflyten: January −3.8°C; July 16.7°C; Ryggmossen: January −3.5°C; July 17.0°C; based on 4 × 4 km grid data downloaded from www.luftwebb.smhi.se).
At each site, 22 temperature loggers (Thermochron iButtons SL52 T; Signatrol UK) were inserted 30 mm Table 1 . Summaries of biogeographic element, continentaloceanic affinity (Hill et al. 2007 ) and centre of microtopographic position (Flatberg 2013) for Sphagnum species used in the experiments. Which experiment it is used in and the materials origin is also given: Kulflyten (K), Ryggmossen (Ry), Römossen (Rö) and Wildmoor (W).
Species
Expt . 
Experimental responses
We measured the maximum photosynthetic efficiency of photosystem II (PSII), growth and survival to evaluate the effects of the hardening treatment on Sphagnum. PSII efficiency, given by F v /F m, was recorded after 20 min of dark adaptation with a Walz MINI-PAM (Walz, Effeltrich, Germany). Dark adaptation was performed 24 h after removal from the hardening treatment, as PSII efficiency may be affected by rapid changes in environment (Murchie and Lawson 2013) . For bryophytes, Lovelock et al. (1995) showed that such effects disappear after 12 h. Low F v /F m values (<0.7-0.8) indicate impairment or down-regulation of PSII. Average growth rate was calculated as the height increment in mm divided by number of days above 0 o C. Survival of a capitulum was scored as either living (1) or dead (0) and was assessed primarily visually ( Figure S1 ). Individuals of uncertain status were pressed with a finger. Large losses of branches and leaves were treated as a sign of death.
Light levels experimental and recovery
In all experiments light levels were ∼180 µmol m −2 s −1 PPFD in the growth chambers (Philips TL5 HO 54W 840 (MASTER); GE Lighting 63613 Halogen Lamps 42W) and ∼150 µmol m −2 s −1 PPFD in the greenhouse (Philips CDM-T MW eco 360W). These levels are high for winter at 60°N but are common during the onset of winter prior to snowfall. Summaries of the hardening and winter treatments used in the experiments are presented in Table 2 .
Experiment 1: unhardened plants
The experiment was designed to test the innate ability of species to withstand a range of temperatures for different durations of time (Table 2) . S. magellanicum Brid., S. papillosum Lindb. and S. rubellum Wilson were collected on 28th October 2013 from the UK site. The Swedish samples were collected on 4th November when S. balticum (Russow) C.E.O.Jensen, S. cuspidatum Ehrh. ex Hoffm., and S. fuscum (Schimp.) H.Klinggr. were collected from Ryggmossen, and S. lindbergii Schimp. from Römossen. Shoots were kept in an unheated greenhouse during preparation where the top 2.5 cm was taken from 64 shoots of each of the 7 species. These shoots were kept perpendicular to the water table by inserting one shoot from each species into a section of a plastic plug tray. These were kept in a greenhouse at 20°C for one week in de-ionised water, so that the shoot tips were held 1 cm above the water table. When the water was liquid for the duration of the experiment, it was maintained at this level. Four trays, each containing four replicate shoots of each species, were put into each of four growth chambers that were maintained at 20, 5, −5 and −10°C, respectively. The chambers had a 12 h light, 12 h dark regime. After 1, 7, 14 and 26 d, a tray was removed from each growth chamber. These trays were then returned to the greenhouse (20°C; 12 h light, 12 h dark).
After 24 h the maximal PSII efficiency (F v /F m ) was determined for each shoot. Shoots were then grown at the same water level for 62 d and growth was measured. In the case of −10°C and −5°C, the growth increment was divided by 62. For 5°C and 20°C, it was divided by 62 plus the number of days they had been in the chambers (1-26 d). Experiment 2: acclimation experiment
The second experiment was designed to examine whether, and at what rate, frost tolerance is induced by low night temperature in the nine species (Table 2) . Five samples of each species were collected from Kulflyten on 30th October 2014. Each contained a large number of shoots collected from a patch of the mire, at least 5 m from a conspecific sample. These were kept in a greenhouse at 20°C with a 12 h light, 12 h dark regime for 1 month. Shoots were cut to a 15 mm length and kept with ample de-ionised water in plastic trays with a layer of filter paper on the base. Trays were then sealed with cling film and placed in a growth chamber with 12 h day and 12 h night at a constant 5°C for two days. An initial reference point was taken for F v /F m per species at this point.
To start the hardening treatment, the night temperature was then reduced to −1°C. A shoot from each sample was removed every day (for 30 d) and placed in its own 5 ml Falcon tube, so that it could be treated as an independent experimental unit. All tubes were then placed in a growth chamber, where they were frozen to −5°C with no light for 48 h. After freezing, each shoot was placed in a Petri dish with ample water and kept at 20°C for 24 h, after which F v /F m was assessed.
Experiments 3-5: winter conditions experiments
Experiments 3-5 underwent shared hardening treatments that were designed to test whether variation in day length and night temperature can induce tolerance to winter conditions. Winter treatments were as follows ( Table 2) : Experiment 3 covered freezing to different temperatures, Experiment 4 included testing the simultaneous effect of freezing and submergence, and in Experiment 5 the shoots were kept in the dark at 0°C (to simulate winter under snow).
Six species were used in these experiments (Table 1) . Five bulk samples were collected (at least 10 m apart) of each species at Kulflyten on 10th July 2015. These samples were kept in a common garden with ample water for one week prior to the beginning of the experiment.
The capitula (top 20 mm of shoot) were cut from 96 shoots of each species. A capitulum from each species was placed in a Petri dish with filter paper and the dish was filled to ∼1 mm depth with de-ionised water. Each Petri dish represented an experimental unit assigned to one of the full factorial hardening treatments of day length (6 or 12 h) and night temperature (−1°C or 5°C ), set up in four growth chambers. After 30 d, 20 experimental units were assigned to one of six freezing treatments: 48 h at 5, −5, −10 or −18°C (Experiment 3), 48 h at −5°C with additional water filling the Petri dish (submerged: Experiment 4), and 1 month at 0°C (Experiment 5). All treatments were in the dark.
The responses measured for each shoot were F v /F m , growth rate and survival. F v /F m was measured for a subset of five capitula from each treatment combination. The samples were kept in a greenhouse with the temperature maintained at 20°C for 28 d (12 h light). Survival was assessed after 1, 7, 14, 21 and 28 d. Growth was assessed by measuring all stems 28 d after removal from the winter treatment. As Sphagnum growth effectively stops at 5°C (Gerdol et al. 1998) , the environment after the winter treatment determines growth.
Data analysis
All data analyses were performed in R ver. 3.4.3 (R Development Core Team 2017). Field temperature measurements were analysed with mixed effects models (lme4 package) using site and month as fixed factors and the mean height above water table as a fixed continuous variable. The logger was included as a random effect. Response variables were the daily maximum and the daily minimum temperatures. Model reduction was carried out to more easily pinpoint when extreme temperature occurred at the different sites and height above the water table, respectively.
For Experiments 1, 3, 4 and 5, the parameter F v /F m and growth rate responses were modelled using linear models with species and all treatments as factors. To facilitate interpretation of the complex experimental designs, we carried out model reduction from the full model for Experiment 1 and only used pairwise interactions for Experiments 3-5. A generalised linear model with binomial errors was fitted to the survival data from Experiments 3-5. An additional period of time since winter treatment was included as a continuous variable. In this time series analysis, the stem's prior state (dead, 0 or alive, 1) for each time step was included as a covariate. All pairwise interactions were analysed with an analysis of deviance. We calculated 95% Clopper-Pearson binomial confidence intervals from the proportions of survival of each species in each hardening and winter treatment.
In Experiment 2, locally weighted regression smoothing (LOESS) was used to model each species' response, which was then parameterised with four variables: the control (initial unfrozen F v /F m value), the minimum (day of the minimum F v /F m value), induced tolerance (day where the modelled F v /F m was equal to 95% of the control value), and 'area of effect' (the definite integral of the LOESS line and a line drawn from the control to the return). These are shown graphically in Figure 1 .
Results
Temperature variation in the field
Of the 44 loggers, seven failed or produced obviously anomalous results over the time period and were removed from the analysis. The highest temperature was recorded in July (maximum 31.1°C at Ryggmossen), and the lowest in December (−9.9°C at Kulflyten) (Figure 2 A, B ; Table S1 ). Winter is characterised at both sites by long periods of ∼0°C, with occasional short periods of extreme cold early in the winter. The lowest minimum (winter) and maximum (summer) temperature were recorded on hummocks (Figure 2 C , D) . Daily minima differed between sites and between months (Site × Month: df = 1, χ 2 = 12.65, p < 0.001) and with HWT (Site × HWT: df = 1, χ 2 = 12.83, p < 0.001). The maxima differed between the months with HWT (Month × HWT: df = 1, χ 2 = 27.82, p < 0.001) (Table S2 ).
Experiment 1: unhardened plants
This experiment tested the responses of unhardened plants to low temperature.
Maximal PSII efficiency. Results after 26 d proved unreliable due to extreme variation in F v /F m and were removed from further analysis. The main effects of species, days and temperature were significant, and so were their two-and three-way interactions (Table S3 ). Values of F v /F m for above 0°C (5 and 20°C) did not indicate PSII impairment and did not generally change with the duration of treatment (Figure 3 ). All species were negatively affected by sub-zero temperature, with F v / F m decreasing with decreasing temperature. Large reductions in F v /F m after 1 d can be seen in S. balticum, S. fuscum, S. lindbergii, and S. rubellum, while appreciable reductions in F v /F m occurred in S. cuspidatum and S. papillosum after 7 d and S. magellanicum after 14 d.
Growth rates. Growth rate was affected negatively by temperature and its duration, but the response was species dependent (species showed significant twoand three-way interactions with days and temperature; Table S3 ). Growth rates above 0°C depend upon the microtopographic position of the species (Figure 4) . Species that grow close to the water table (e.g. S. cuspidatum) have a higher growth rate than those that grow further away (e.g. S. rubellum, S. fuscum). Growth rates of four species were clearly affected by sub-zero treatments: S. rubellum was the most affected; its mean growth rate was strongly reduced after one day at −5 or −10°C. S. balticum, S. cuspidatum and S. lindbergii all had a significantly lower growth rate after 1 d at −10°C, and after 7 d at −5°C. S. magellanicum had an intermediate growth rate in all treatments and was little affected. The growth rates of S. fuscum and S. papillosum were very low following all temperature treatments.
Experiment 2: acclimation experiment
The acclimation response of species varied according to their geographical distribution and wetness gradient niche ( Figure 5 ). For each niche, boreal species were less affected and/or more rapid in acclimation than temperate species (S. fuscum vs S. rubellum, S. lindbergii and S. majus vs S. cuspidatum, S. balticum vs S. tenellum). Hummock and pool species took less time to acclimatise and were less affected (smaller area of effect) than those of the lawn/carpet. The response of the temperate pool species S. cuspidatum was most similar to the hummock species, separating it from the more boreal pool species S. lindbergii and S. majus. The widespread species S. magellanicum took the longest to acclimate and had the largest area of effect. 
Experiment 3: winter temperature experiment
This experiment tested responses (F v /F m , growth rate, survival) in six species to four temperature treatments: 5, −5, −10 and −18°C after various pre-winter conditions (long vs short days and night frost vs 5°C).
Maximal PSII efficiency. In all species, F v /F m was not affected after two days at + 5, −5 and −10°C in material given any hardening treatment (F v /F m ≈ 0.6; Figure 6 ). Results were similar across species and hardening treatments after two days However, all species had reduced values of F v /F m after freezing at −18°C, and then the values from plants with hardening treatment 12 h/+5°C (least pre-winter like) were consistently lower than other hardening treatments ( Figure 6 ). There was no interaction of species and hardening treatment (Table S4 ). Growth rates. Growth rates were reduced after freezing, but the effect varied between species (Species × Temperature; F 15,1896 = 33.85, p < 0.001). In contrast to F v /F m , there was no observable effect of hardening treatments (Table S4, Figure S2 ). Growth rate after two days at 5°C and −5°C were similar, and were related to micro-topographic position. The fastest growth rates were from the hollow-inhabiting S. cuspidatum, S. balticum and S. lindbergii.
In comparison with the values for 5°C and −5°C, growth rates were reduced at −10°C and −18°C and S. cuspidatum was most affected. After treatment at −10°C the order of growth rate was S. lindbergii > S. cuspidatum > S. rubellum > S. balticum > S. fuscum > S. tenellum. This order was similar after treatment at −18°C except for S. balticum, which then had the lowest growth rate.
Survival. The proportion of surviving capitula differed between species, hardening treatment and winter treatment (Table S5 ). In Figure 7 we illustrate this for the treatments at 5°C and −18°C (the results for −5°C and −10°C were rather intermediary; see Figure S3 ). Survival was high after treatment at 5°C for all species after all hardening treatments, though mortality increased in S. fuscum and S. rubellum towards the end of the experiment (Figure 7) .
Directly after treatment at −18°C, the hummock species, S. fuscum and S. rubellum, and the temperate pool species S. cuspidatum all had low survival (≤ 35%), and S. lindbergii consistently had the highest survival. All species suffered a dramatic drop in survival after two weeks. (Figure 7) . Survival was lowest after the 12 h/5°C hardening treatment and highest after 6 h/−1°C. 
Experiment 4: winter submergence experiment
This experiment tested differences in the F v /F m , growth rate and survival of six species that were frozen to −5°C whilst being submerged or non-submerged.
Maximal PSII efficiency. Regardless of species, the submerged capitula had lower F v /F m values than nonsubmerged ones, and there were no differences among species in submerged or in non-submerged plants. There were no interactive effects of species or any of the treatments (Table S6 ; Figure S4 ). The hardening treatments had small, but significant effects: a night-time temperature of 5°C led to higher values of F v /F m than −1°C, and 12 h day length led to higher values than 6 h (Table S6 ; Figure S4 ).
Growth rates. Submergence during freezing increased the growth rate in the hollow species S. cuspidatum, and to a lesser extent in S. balticum and S. lindbergii (Species × Submergence interaction; F 5,948 = 2.27, p < 0.001; Table S6 ). In contrast, the growth rate was very low with submergence having negligible effects in S. tenellum and the hummock species S. rubellum and S. fuscum ( Figure S5 ).
Survival. Hardening treatments and submergence had no impact on survival. Survival was around 85% in all Figure 1) . species. It decreased over time at different rates in different species (Species × Days was significant df = 5, χ 2 = 35.71, p < 0.001; Table S7 ).
Experiment 5: length of winter experiment
This experiment tested the effects of long periods in dark conditions at 0°C. Maximal PSII efficiency after the dark period at 0°C varied between 0.4 and 0.6 (data not shown), i.e. in the same range as the nonfreezing treatment in the winter temperature experiment ( Figure 6 ) but did not differ among species.
The PSII efficiency was higher after long days in the hardening treatments (F 5,96 = 10.30, p = 0.002; data not shown). Growth rates were higher in S. cuspidatum (>0.2 mm d -1) than in any other species (< 0.1 mm d −1 ; F 5,456 = 104.3, p < 0.001; data not shown) regardless of hardening treatment.
Discussion
Stresses during winter are complex and include prewinter hardening and the need to endure combinations of stressors throughout the winter. Our focus . Individual stems were assessed for death at 1, 7, 14, 21 and 28 d after treatment. Points are the proportion of living shoots, error bars are 95% confidence interval.
has been on the effects of temperature changes at the onset of winter, typically October to November in the northern hemisphere temperate and boreal zones. At lower temperatures, the photo-inhibitory effects of light may occur at lower values of PAR than normally reported for Sphagnum (>300-500 µmol m −2 s −1 ; Murray et al. 1993) . Daily light loads in our experiments (180 µmol m −2 s −1 , 8-12 h) were relatively high for winter conditions at high latitude (>60°N). Consequently, the negative effects of low temperature on growth and photosynthesis observed in our study are the result of combined damage caused by low temperature and photo-inhibition. Without dark controls we cannot separate these two mechanisms. We discuss our results from the perspective of tolerance to low temperature, whilst acknowledging that low temperature can exacerbate photo-inhibition.
The importance of autumn and winter temperature
Climatic and micro-topographic gradients affect peat surface temperature, both extreme values and longterm averages. Near-surface temperature ranges are a consequence of heat capacity, thermal conductivity and thermal diffusivity, which vary with water content (Van der Molen and Wijmstra 1994). At the mire surface this means that hummocks warm quickly but lose heat rapidly. This explains why maximum near-surface temperature readings at Kulflyten and Ryggmossen (Figure 2) were not only similar to moist Sphagnum temperatures recorded previously at Ryggmossen (Rydin 1984) , but also similar to those recorded at mire surfaces in Ireland (Van der Molen and Wijm-stra1994), England (Clymo and Hayward 1982) and Siberia (Dyukarev et al. 2009 ). At both sites the highest temperature was recorded in the hollows. It is likely that these occurred during dry summer periods when the hollows lost continuity with the water table, preventing the surface from meeting the evaporative demand, with a resulting rise in temperature. Provided mire surfaces remain wet, temperature at the surface will not exceed those suitable for Sphagnum growth and survival (Rydin 1984) .
In contrast to the temperature maxima, minima showed variation between sites and micro-topographical position (Figure 2 ) and are potentially a stronger selection agent for Sphagnum. The distance between the two Swedish sites (∼80 km) is small on a continental scale, yet they show differences in their temperature regime. At both sites the lowest temperature was recorded in December, and the highest in July ( Figure  2 ). Air temperature in most climatic zones in the northern hemisphere is typically highest during July, but the coldest months are usually January and February (Dahl and Birks 1998) . As snow insulates the surface (Sonesson 1969), most Sphagnum capitula will remain at ∼0°C for much of the winter (Sonesson 1969; Granberg et al. 1999; Dyukarev et al. 2009 ). The extent of this effect depends on the amount of snow, mid-winter thawing and wind drift (Sonesson 1969; Eurola 1975) . Thus, the lowest temperature that Sphagnum is subjected to appears earlier than expected from air temperature. Freezing in autumn when the plants are physiologically active is more of a risk to Sphagnum than extreme winter temperatures. Subnivean conditions are cold and dark (Bosiö et al. 2013 ), but according to our experiment with a dark period this should present little threat to the survival of Sphagnum.
Hardening and responses to winter conditions in relation to micro-and macro-distribution Tolerance to freezing involves avoiding the damage caused by extra-cellular ice formation (Kawamura and Uemura 2014) . Lenné et al. (2010) showed that some desiccation-tolerant bryophytes may avoid the formation of ice by rapid dehydration. They showed that for Ceratodon purpureus increasing water content resulted in internal ice formation, though if there was any damage it was not quantified. We found that high water content in the submergence experiment ( Figure S4 ) had a negative impact on the maximal PSII efficiency. Somewhat contradictory, growth was higher in some species after freezing with submergence than with non-submergence ( Figure S5 ), indicating that the effect of water content on recovery after freezing may be different from its effect during freezing.
Hardening occurred more quickly in hummock and pool species than in those growing in intermediate microhabitats ( Figure 5 ). Fast acclimation of hummock species to cold temperature ( Figure 5 ) could be an adaptation to the low temperatures these species face during late autumn and early winter. Hollow-dwelling species irregularly dry out during summer (Rydin and Jeglum 2013) and are therefore adapted to rapidly acquiring drought tolerance (Hájek and Vicherová 2014) . Some freezing damage is caused by dehydration of plant tissue (as an effect of extra-cellular ice formation; Sakai and Larcher 1987) , so it is unsurprising that hollow species can also rapidly acclimate to desiccation caused by winter conditions. In the field, the lawn niche falls between the extremes of winter and summer stress and a slower response to drought or cold may be expected.
We found some support for our hypothesis that species growing in the hollows are more tolerant to freezing than species growing farther away from the water table. Species of the pool and hummock niches gave contrasting results in most experiments. Shoots from pool species typically had a higher F v /F m and growth rate after freezing than those of the hummock species (Figures 3 and 4) . Survival was typically higher in pool species than in hummock species, when comparing representatives of the same biogeographic region (Figure 7) . The high tissue water content throughout the experiments may have affected the growth and survival of some of the species, since photosynthesis is dependent on CO 2 diffusion through the surface film of water (Clymo and Hayward 1982; Schipperges and Rydin 1998) . The high water content could have benefited the pool species when compared with the hummock species. Therefore, growth of the hummock species in the hollows may be limited not only by competition (Rydin 1986 ), but also high water content combined with freezing.
We found stronger support for our second hypothesis, that species from boreal and continental regions are more tolerant of low temperatures than those of temperate and oceanic regions. Within their respective microhabitat, boreal species acclimated more rapidly ( Figure 5 ; boreal: S. fuscum, S. balticum, S. lindbergii; corresponding temperate: S. rubellum, S. tenellum, S. cuspidatum), and were less affected by freezing than temperate species (Figure 7) .
In the case of S. magellanicum, responses to freezing were inconsistent; it was among the most tolerant when unhardened (Figures 3 and 4 ) but least tolerant if hardened ( Figure 5 ). This is somewhat surprising, considering the fact that the unhardened samples of S. magellanicum were from the temperate UK, and the hardened from boreal Sweden. That there is such variety in response both between and within species is interesting in itself. Previous comparative work on Sphagnum (Balagurova et al. 1996) showed S. magellanicum to be the least frost tolerant of five tested species. In recent years it has emerged that S. magellanicum comprises two spatially separated and distinct genetic clusters (Kyrkjeeide et al. 2016b) with evidence of cryptic speciation . It has been suggested that these clusters have separate ecological niches (Schwarzer and Joshi 2017) , and so we cannot rule out the possibility that the differences in response between the experiments are due to the sampling of two different genetic clusters.
The effect of day length and night temperature on induced frost tolerance Detection of, and reaction to, variation in day length and night temperature are important for plants to survive cold climates (Sakai and Larcher 1987; Li and Glime 1991; Steindal et al. 2015) . Our winter temperature experiment showed that both day length and night temperature before the onset of freezing have an effect on the freezing tolerance in Sphagnum (Figure 7) . Compared with other hardening combinations, short days and low night temperature resulted in fewer deleterious effects on photosynthetic efficiency ( Figure 6 ) and survival (Figure 7) after freezing at −10 or −18°C. Similar to vascular plants at high latitude, Sphagnum can detect and respond to changes in day length and temperature. Seasonal variation in desiccation tolerance in Sphagnum has been observed (Hájek and Vicherová 2014) and may be of importance for its tolerance to winter stresses.
Conclusion
We found some, but not unequivocal support for our hypothesis that hollow species are more tolerant to low temperature than hummock species. We also found that species of boreal and continental regions are more tolerant to winter stress, but that the strength of this relationship varies with microhabitat. Within a given biogeographic region, species growing in wetter microhabitats (at the bottom of hollows) responded differently to hummock species. Species in the middle of this gradient were more variable in their responses both between and within species.
